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Available online 15 June 2010AbstractThe distribution pattern of the trace elements Rb, Sr, Nd and Sm for Yamato 984028 (Y984028) is consistent with its classi-
fication as a lherzolitic shergottite. The SmeNdmineral isochron of this lherzolitic shergottite defines its age to be 170 10 Ma for
an initial 3Nd ¼ þ11.6  0.2. The corresponding RbeSr mineral isochron yields an identical age of 170  9 Ma and an initial
87Sr/86Sr ¼ 0.710389  0.000029. The concordant SmeNd and RbeSr isochron ages suggest that Y984028 crystallized
170 7Ma ago contemporaneously with five other lherzolitic shergottites and ten enriched basaltic and olivine-phyric shergottites.
The age, Sr- and Nd- isotopic signatures further suggest that Y984028 and Y-793605, and also probably Y000097 could come from
a single magmatic body. Using a two-stage evolution model, the time-averaged 87Rb/86Sr-ratio for the mantle source of the parent
magma of Y984028 is w0.182, within the range of 0.178e0.182 that has been reported for other lherzolitic shergottites. The
corresponding time-averaged 147Sm/144Nd-ratio for the source mantle of its parent magma is super-chondritic atw0.217, implying
its source was a depleted mafic part of the Martian mantle similar to that of diabasic shergottite Northwest Africa (NWA) 1460. Rb,
Sr, Sm and Nd distributions in Y984028 are likely produced by pyroxene and olivine accumulation, probably from a NWA 1460-
like parental melt, in an intrusive magma body.
 2010 Elsevier B.V. and NIPR. All rights reserved.
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Y984028 is a Martian meteorite found in the
Yamato Mountains of Antarctica in 1998 (Kojima,
2008; Misawa et al., 2009). It is classified as a lherzo-
litic shergottite due to its petrographical resemblance* Corresponding author.
E-mail addresses: chi-yu.shih-1@nasa.gov (C.-Y. Shih),
laurence.e.nyquist@nasa.gov (L.E. Nyquist), young.reese-1@nasa.
gov (Y. Reese), misawa@nipr.ac.jp (K. Misawa).
1873-9652/$ - see front matter  2010 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2010.05.004to several other lherzolitic shergottites, i.e., ALHA
77005, LEW 88516, Y-793605, NWA 1950 and
Y000027/47/97 (e.g., McSween et al., 1979; Harvey
et al., 1993; Ikeda, 1997; Gillet et al., 2005;
Mikouchi and Kurihara, 2008; Shirai and Ebihara,
2009). These meteorites have young crystallization
ages of 152e185 Ma similar to the enriched basaltic or
olivine-phyric shergottites with ages of 157e203 Ma
(Shih et al., 1982, 2003, 2009a; Morikawa et al., 2001;
Nyquist et al., 2001; Borg et al., 2002; Misawa et al.,reserved.
516 C.-Y. Shih et al. / Polar Science 4 (2011) 515e5292008) but have very different ejection ages (w4 Ma vs.
w2.5 Ma) (e.g., Eugster et al., 1997; Nyquist et al.,
2001; Christen et al., 2005; Nagao and Park, 2008;
Nagao et al., 2008), thus they came from different
Martian target crater areas via separate impact events.
Lherzolitic shergottites have high mg-values w0.70
and represent the most mafic olivine-pyroxene cumu-
lates from Martian magmas. Their parental magmas
were melts probably derived from the primitive
Martian mantle (e.g., Dreibus et al., 1992).
A recent mineralogy-petrography study of olivine-
phyric shergottite RBT 04262 suggested a close
correlation with lherzolitic shergottite LEW 88516
(Mikouchi et al., 2008). Trace elemental evidence and
RbeSr and SmeNd isotopic results of basaltic sher-
gottite NWA 1460/480 (Barrat et al., 2002; Nyquist
et al., 2009) also reveal that it may have been
derived from a similar source region as lherzolitic
shergottites despite their crystallization age differ-
ences. The study of the new lherzolitic shergottite
Y984028 may provide more information about the
relationship among these shergottites.
The objectives of this study are (1) to characterize
Y984028 by its trace element (Rb, Sr, Sm and Nd)
chemistry, (2) to determine its RbeSr and SmeNd
isochron ages, (3) to compare these data with those
obtained from other lherzolitic and related olivine-
phyric basaltic shergottites to better understand the
isotopic characteristics of their primitive mantle source
regions, and (4) to discuss its possible petrogenesis.
Preliminary RbeSr isotopic results for Y984028
were presented at the 32nd Symposium on Antarctic
Meteorites (Shih et al., 2009b).
2. Analytical techniques
2.1. Samples and mineral separation procedures
Three interior pieces of Y984028, weighing
w845 mg, were kindly allocated for this study by the
National Institute of Polar Research of Japan. Two small
bulk rock chunks weighing w51.6 mg were used for
AreAr dating. Then, the remaining sample was further
crushed to grain size <149 mm (<100 mesh). About
176 mg of the sample was taken as the bulk rock sample
(WR). The rest of the crushed sample was sieved into
two size fractions, 149e74 mm and <74 mm
(<200 mesh). Mineral separations were made from
a coarser fraction weighingw386 mg by magnetic and
density separations. The non-magnetic plagioclase
sample (Plag) and the most magnetic opaque-rich
sample (MM) were separated by a Frantz magneticseparator at 1.0 A. The MM sample probably contains
opaques, chromites and associated olivines. The
pyroxene and olivine samples were separated from the
magnetic portion of the sample by density using heavy
liquids of bromoform, methylene iodide and Clerici’s
solutions. At density r¼ 2.85e3.32 g/cm3, we obtained
a sample of plagioclase mixed with pyroxene
(Plag þ Px). At r ¼ 3.32e3.45 g/cm3 and
r ¼ 3.45e3.55 g/cm3 we obtained two pyroxene-
enriched samples (Px1 and Px2). The Px1 sample is
mostly pyroxenes because densities for Y984028
orthopyroxenes (Fs211En762Wo31), pigeonites
(Fs222En693Wo93) or augites (Fs151En513Wo353)
(Misawa et al., 2009) have a narrow range between 3.33
and 3.37 g/cm3. The Px2 sample may contain some
olivines because Y984028 olivines (Fa292Fo713)
(Misawa et al., 2009) have density of 3.55 0.03 g/cm3
which is within the density cut for the sample. The
olivine sample (Ol) was concentrated in the density
fraction r > 3.55 g/cm3. Samples of WR, Px1, and Px2
were washed with 2N HCl in an ultrasonic bath for
10min. The Plag andMMsampleswerewashedwith 1N
HCl. Seven acid-washed bulk rock and mineral residues
(r), one unwashed WR sample, one bulk rock leachate
(WR(l)) and one combined mineral leachate (Leach)
were analyzed.
2.2. Analytical procedures
The detailed sample dissolution and chemical sepa-
ration procedures for Rb, Sr, Sm andNd used in this study
were reported previously (Nyquist et al., 1994; Shih et al.,
1999). All RbeSr and SmeNd analyses were performed
on a Finnigan-MAT 261 multi-collector mass spectrom-
eter following the procedures of Nyquist et al. (1994).
Analyses of NBS 727 Rb standard yield
85Rb/87Rb ¼ 2.6103  0.0038 (2sm) and Rb concentra-
tions were adjusted relative to 85Rb/87Rb ¼ 2.59265 of
Catanzaro et al. (1969) for the same standard.
Sr isotopic analyses were normalized to
88Sr/86Sr ¼ 8.37521. Ten measurements of the NBS 987
Sr standard made during the course of this study yield the
average value of 87Sr/86Sr¼ 0.710256 0.000007 (2sm)
or 0.000021 (2sp). The final 87Sr/86Sr results for the
samples reported here were adjusted to
87Sr/86Sr¼ 0.710250 for the NBS 987 standard (Nyquist
et al., 1994). Sm isotopic compositions were analyzed as
Smþ and normalized to 147Sm/152Sm ¼ 0.56081. Nd
isotopic compositions were analyzed as Nd oxides
(NdOþ) due to their low Nd abundances in samples and
measurements were normalized to the Nd oxide mass
ratio 162/160 ((146Nd16Oþ145Nd17Oþ144Nd18O)/
Fig. 1. CI-normalized Rb, Sr, Sm and Nd for shergottites. Twelve
bulk rocks of enriched basaltic shergottites including three olivine-
phyric shergottites (RBT 04262, LAR 06319 and NWA 1068) shown
in the blue area have distinctively higher abundances of these
elements. Six bulk rocks of lherzolitic shergottites shown in the
yellow area have lower abundances and more fractionated patterns
with Rb depleted relative to Sr and Nd depleted relative to Sm. The
Y984028 bulk rock sample (solid red circles) plots in the lherzolitic
shergottite field along with two other Yamato lherzolitic shergottites,
Y000097 (open diamonds) and Y-793605 (open hexagons) (Misawa
et al., 2008). Olivine-phyric shergottite RBT 04262 (open triangles)
is petrographically indistinguishable from the lherzolitic shergottites
(Mikouchi et al., 2008), but lies in the enriched basaltic shergottite
field. Also plotting within the lower portion of the enriched basaltic
shergottite field is the 346 Ma old basaltic (or diabasic) shergottite
NWA 1460 (open squares) of Nyquist et al. (2009) (For interpretation
of the references to colour in this figure legend, the reader is referred
to the web version of this article.).
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lent of 146Nd/144Nd ¼ 0.724140 (Nyquist et al., 1995)).
The averagevalue of 8 analysesmadeduring the course of
this study was 143Nd/144Nd ¼ 0.511172  0.000007
(2sm) or0.000020 (2sp). The 143Nd/144Nd data for the
samples were adjusted to 143Nd/144Nd ¼ 0.511138 for
Ames Nd standard (Wasserburg et al., 1981). The
143Nd/144Nd data reported here can be readily converted
to the 143Nd/144Nd data normalized to
146Nd/144Nd ¼ 0.7219 by simply dividing the values by
the factor 0.998457. The total procedural blanks for Rb
(w10 pg), Sr (w30 pg), Sm (w10 pg) and Nd (w20 pg)
are low and negligible.
3. Analytical results
3.1. Rb, Sr, Sm and Nd abundances in enriched
basaltic shergottites and lherzolitic shergottites
The CI-normalized Rb, Sr, Sm and Nd abundances of
enriched basaltic and lherzolitic shergottites are
summarized in Fig. 1. All data used in the plot are bulk
rock samples analyzed in this lab by the isotope dilution
technique. Mean Rb, Sr, Sm and Nd abundance values
for CI chondrites listed in Anders and Grevesse (1989)
were used for normalization. Seven enriched basaltic
shergottites (Los Angeles, Shergotty, Zagami, NWA
3171, NWA 856, Dho 378 and NWA 2975) and three
olivine-phyric shergottites (RBT 04262, LAR 06319
andNWA1068) have distinctively higher abundances of
these elements relative to five lherzolitic shergottites
(NWA 1950, ALHA 77005, Y000097, LEW 88615 and
Y-793605) by factors of 2e10. Los Angeles has the
highest elemental abundances alongwith the lowest mg-
value (w0.24), representing the most fractionated melt
among all the enriched shergottites. Also, enriched
basaltic shergottites tend to have less fractionated
patterns, i.e., Rb less depleted relative to Sr and Nd less
depleted relative to Sm. The abundances of these trace
elements vary significantly by factors of 5e6 among
ten enriched basaltic shergottites.
Olivine-phyric shergottite RBT 04262 is petro-
graphically similar to lherzolitic shergottites
(Mikouchi et al., 2008), but its trace-elemental distri-
bution pattern clearly lies in the field defined for
enriched basaltic shergottites. Additional age data and
initial Sr and Nd isotopic ratios also indicate that RBT
04262 is a member of the enriched shergottite clan, or
it was derived from the magma of enriched basaltic
shergottite source regions (Shih et al., 2009a).
Contrary to the enriched shergottites, all six lher-
zolitic shergottites have very restricted and low Rbabundances ofw0.3e0.4  CI andw4 variations in
Sr, Sm and Nd abundances of w1e3  CI. In Fig. 1,
the elemental distribution of Y984028 plots within the
area defined by five lherzolitic shergottites, consistent
with its petrography as a lherzolitic shergottite
(Kojima, 2008; Misawa et al., 2009). Y984028 has
a similar elemental pattern as lherzolitic shergotti-
tesY000097 and Y-793605 (Misawa et al., 2008).
Despite similarly young w170 Ma ages for enriched
and lherzolitic shergottites, their Rb, Sr, Sm and Nd
distribution patterns are distinctly different.
The basaltic (or diabasic) shergottite NWA 1460 has
an older age of 346 Ma (Nyquist et al., 2009). It has
a low mg-value of w0.48 comparable to Shergotty-
type enriched shergottites, and may represent a melt of
basaltic composition. The Rb, Sr, Sm, and Nd distri-
bution pattern for NWA 1460 is similar to that of the
lherzolitic shergottites (Fig. 1). But, the overall abun-
dances of these elements for NWA 1460 are w3-fold
more than for the lherzolitic shergottites and plot in the
Fig. 2. CI-normalized Sm and Nd distributions in bulk and mineral
separates of lherzolitic shergottite Y984028 (red circles) as deter-
mined in this study. Bulk rock sample data are identical to the data of
Y000097 (open squares, Misawa et al., 2008) and Y-793605 (inverted
triangles, Misawa et al., 2006), but w2 higher than the Y-763605
data (triangles) of Ebihara et al. (1997). Based on the similarity in
REE abundances, these three Yamato lherzolites could be derived
from the same magmatic flow. The acid-washed olivine sample, Ol
(r), has the lowest Sm and Nd contents. The acid leachate of the bulk
rock, WR(l), and the combined acid leachates for all minerals, Leach,
have the highest Sm and Nd contents. They probably contain REE
from REE-rich phosphates readily leached out from mineral grains.
WR ¼ bulk rock, Px ¼ pyroxene, Plag ¼ maskelynite, Ol ¼ olivine,
MM ¼ most magnetic minerals, r ¼ residues after HCl-wash,
l¼ leachate after HCl-wash, Leach ¼ all mineral leachates combined
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.).
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averaged 87Rb/86Sr and 147Sm/144Nd in the mantle
source reservoirs of NWA 1460 and the lherzolitic
shergottites are very similar. Thus, these two rock types
are probably related in the sense of coming from
similar mantle source regions (Barrat et al., 2002;
Nyquist et al., 2009). Thus, basaltic melts similar to
NWA 1460 extruded at w170 Ma ago could be
representative of the parental magmas to lherzolitic
shergottites.
3.2. SmeNd isotopic system for Y984028
The Sm and Nd analytical results for three bulk rock
and seven mineral samples of lherzolitic shergottite
Y984028 are presented in Table 1. Their CI-normalized
Sm and Nd distributions are presented in Fig. 2. For
comparisons, Sm and Nd data for a bulk rock sample of
lherzolite Y000097 (Misawa et al., 2008), and REE data
for two aliquots of the bulk rock sample of lherzolite Y-
793605 (Ebihara et al., 1997; Misawa et al., 2006) are
also plotted. The Sm andNd data ofY984028, Y000097,
and the Y-793605 sample of Misawa et al. (2006) are
almost identical indicating that they could be derived
from the same magmatic flow. This observation also is
consistent with their petrographic similarities as repor-
ted by Mikouchi et al. (2009).
Sm and Nd abundances in mineral separates of
Y984028 range over two orders of magnitude, e.g., NdTable 1
The SmeNd analytical results for lherzolitic shergottite Y984028.
Samplea wt. (mg) Sm (ppm) Nd (ppm) 147Sm/144Ndb 143Nd/144Ndb,c
<100 mesh
WR 35.1 0.401 0.667 0.36361  46 0.512636  10
WR(r) 45.1 0.0802 0.0958 0.50629  147 0.512775  24
WR(l) 5.5 3.46 6.10 0.34350  37 0.512592  10
100e200 mesh
Plag(r) 16.2 0.0447 0.108 0.25087  227 0.512502  10
Plag þ Px(r) 18.1 0.140 0.202 0.41887  148 0.512693  16
Px1(r) 35.2 0.169 0.179 0.56779  118 0.512854  27
Px2(r) 43.8 0.0263 0.0352 0.45293  357 0.512726  21
Ol(r) 38.1 0.00642 0.00956 0.406  14 0.51252  19
MM(r) 27.9 0.0190 0.0294 0.39079  605 0.512636  53
Leach 20.15 1.87 3.31 0.34196  35 0.512603  10
Ames Nd standard: NdOþ (8 analyses 6/09) 0.511172  7b
0.511172  20d
a WR¼ bulk rock, Ol¼ olivine, Plag¼ plagioclase, Px¼ pyroxene, MM¼most magnetic, Leach¼ combined mineral leaches, r¼ acid-washed
residue, l ¼ acid leachate.
b Mean ratio for n runs; uncertainties correspond to last figures and represent2sm error limits. sm¼ [S(Ri Rm)2/(n(n 1))]1/2 where Ri¼ run
ratio (mean ratio for 12 blocks of 12 ratios per block); Rm ¼ mean ratio for n runs; and n ¼ number of runs.
c Normalized to 146Nd/144Nd¼ 0.724140 and adjusted to 143Nd/144Nd¼ 0.511138 of the Ames Nd standard (Wasserburg et al., 1981). Nd runs as
NdOþ mode.
d Uncertainties correspond to last figures and represent 2sp error limits. sp ¼ n1/2sm.
Fig. 3. SmeNd mineral isochron for lherzolitic shergottite Y984028.
Nine data were fitted by the Isoplot linear regression program
(Ludwig, 2008). The isochron corresponds to a SmeNd age of
170  10 Ma for l(147Sm) ¼ 0.00654 Ga1. The initial 143Nd/144Nd-
ratio is þ11.6  0.2 expressed in 3-units using the notation and
reference parameters of DePaolo and Wasserburg (1976) and
Jacobsen and Wasserburg (1984). The inset shows deviations of
143Nd/144Nd in 3-units for all nine samples relative to the 170 Ma
isochron. Dotted lines on either side of the isochron correspond to
10 Ma.
519C.-Y. Shih et al. / Polar Science 4 (2011) 515e529ranges fromw0.02  CI tow15  CI. Three olivine-
bearing samples, Ol(r), MM(r) and Px2(r), contain very
low Sm and Nd abundances. Two acid leachates, WR
(l) and Leach, have the highest Sm and Nd for con-
taining acid soluble phosphate minerals, merrillites and
phosphate-rich altered products (Misawa et al., 2009).
All the bulk rock and mineral separates exhibit
distinctly high Sm/Nd ratios, i.e., LREE-depleted
features to various degrees, clearly indicating that the
parental magma of Y984028 from which these
minerals were crystallized was also depleted in LREE.
Our seven mineral separates used in this RbeSr and
SmeNd study represent at least four of the major
mineral components reported in the sample: pyroxene,
olivine, plagioclase and phosphates (merrillite).
The 147Sm/144Nd and 143Nd/144Nd data of bulk rocks
and mineral separates listed in Table 1 are presented in
the 147Sm/144Nd and 143Nd/144Nd isochron diagram of
Fig. 3. All nine data points define a good linear array
corresponding to a SmeNd age of 170  10 Ma using
either the Isoplot regression program (Ludwig, 2008) or
the Williamson regression program (Williamson, 1968)
commonly used in our lab and l(147Sm) ¼
0.00654 Ga1. The SmeNd isochron for Y984028 is
well-defined with an MSWD ¼ 1.9. The Nd abundance
in Ol(r) is too low to measure its isotopic composition
with good precision. Since the linearity of the data is
determined by four mineral components, it is not
a mixing line but represents the crystallization age of the
rock. The age agrees with those of other lherzolitic
shergottites and enriched basaltic shergottites including
olivine-phyric shergottites. Therefore, all these sher-
gottites crystallized contemporaneously.
All nine samples of Y984028, including the plagio-
clase mineral separate, have 147Sm/144Nd-ratios,
0.25e0.57, greater than the chondritic value of 0.1967.
Some pyroxenes in Y984028 are large oikocrysts of
cumulate origin (Mikouchi et al., 2009).AssumingPx1(r)
represents such a pyroxene sample, the 147Sm/144Nd of
the parental magma in equilibrium with Px1(r) can be
calculated from the partition coefficients of Sm and Nd
and the 147Sm/144Nd-ratio of the pyroxene. Using the
DSm/Nd ¼ 1.6e1.9 (orthopyroxene and pigeonite) and
147Sm/144Nd ¼ 0.568 as for Px1(r) for such pyroxene
oikocrysts, the calculated 147Sm/144Nd-ratio for the
parental magma is in the range w0.30e0.36, i.e.,
a LREE-depleted melt similar to the bulk rock value of
NWA 1460 (0.29) reported in Nyquist et al. (2009). An
analogous calculation for plagioclase using Plag(r) with
147Sm/144Nd ¼ 0.251 and DSm/Nd ¼ 0.72, also yields
a similarly LREE-depleted magma with
147Sm/144Nd ¼ 0.35.The initial 3Nd-value, the
143Nd/144Nd-ratio calcu-
lated in 3-units according to the notation and reference
parameters of DePaolo and Wasserburg (1976), for the
SmeNd isochron of Y984028 is þ11.6  0.2. It is
similar to those (þ8.3 to þ11.7) reported for other
lherzolitic shergottites but dissimilar to those of
enriched basaltic shergottites (6.2 to 6.9) with
similar ages. A two-stage model indicates that lher-
zolitic shergottites and enriched basaltic shergottites
were derived from very different sources. The former
were derived from high Sm/Nd (or LREE-depleted)
sources, the latter from low Sm/Nd (or LREE-
enriched) sources. The low initial 3Nd-value for
olivine-phyric shergottite RBT 04262 (6.7  0.2,
Shih et al., 2009a) indicates it is related to enriched
shergottites, not lherzolitic shergottites despite the
petrographic similarity with lherzolitic shergottite
LEW 88615 suggested by Mikouchi et al. (2008). In
addition, different CRE ages for LEW 88615
(3.9  0.4 Ma, Eugster et al., 1997; Nyquist et al.,
2001) and RBT 04262 (2.3  0.6 Ma, Nagao and
Park, 2008) preclude that these two meteorites were
ejected from a single event. They were probably from
different locations of the Martian surface.
The petrographic and noble gas studies of three
Yamato lherzolitic shergottites, Y984028, Y000097 and
Y-793605 suggested that these rocks were closed related
and probably even paired (Mikouchi et al., 2009; Nagao
et al., 2008; Nagao, 2009). The SmeNd ages of these
520 C.-Y. Shih et al. / Polar Science 4 (2011) 515e529rocks also are similar within error limits, i.e. 152 13Ma
for Y000097 (Misawa et al., 2008) and 185  16 Ma for
Y-793605 (Misawa et al., 2006). To further investigate the
relationship among these three lherzolitic shergottites, we
plot SmeNd isotopic data for their bulk rock and mineral
samples in Fig. 4. To eliminate possible inter-laboratory
bias, we use only SmeNd isotopic data from JSC, i.e.,
nineY984028 data from this study aswell as sixY000097
and threeY-793605data reported byMisawaet al. (2008).
The 170 Ma Y984028 SmeNd isochron is used as
a reference because it is the most well-defined SmeNd
isochron obtained so far among the Yamato shergottites.
Most of the eighteen samples lie on the 170 Ma isochron
within their error limits. Only two samples, the pyroxene
sample ofY000097 (Y00Px(r)) and the acid-washed bulk
rock samples of Y-793605 (Y79 WR(r)) fall off the
isochron. Excluding these two data, the remaining sixteen
data yield an age of 171  16 Ma (Isoplot regression) or
171  10 Ma (Williamson regression) with an
MSWD ¼ 2.4.
3.3. RbeSr isotopic system for Y984028
The 87Rb/86Sr and 87Sr/86Sr data for three bulk rocks
and seven mineral separates of Y984028 are listed in
Table 2, and the 87Rb/86Sr and 87Sr/86Sr isochron diagram
is presented in Fig. 5. The majority of the data formsFig. 4. SmeNd isotopic data for bulk rock and mineral samples of
three Yamato lherzolitic shergottites, Y984028 (red circles),
Y000097 (yellow diamonds) and Y-793605 (green triangles). All
these samples were analyzed at JSC including six Y000097 and three
Y-793605 data reported by Misawa et al. (2008). The line represents
the 170 Ma Y984028 SmeNd isochron. Most of the eighteen
samples lie on the 170 Ma isochron within error limits, except the
pyroxene sample of Y000097 (Y00 Px(r)) and the acid-washed bulk
rock samples of Y-793605 (Y79 WR(r)) (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.).a linear array except for two acid leachate samples: the
bulk rock leachate, WR(l), and the combined mineral
leachates, Leach. Their 87Sr/86Sr data are low (w0.7104)
and deviate considerably from the main array. They may
contain significant amounts of terrestrial weathering
products esea water, rainwater and aeolian dusts of low
87Sr/86Sr of w0.709. Thus, they cannot be used to
determine the crystallization age of the rock. Excluding
these two leachates, WR(l) and Leach, eight data from
Y984028 form a linear array defining a RbeSr age of
175  10 Ma (Isoplot regression, MSWD ¼ 8.8) for l
(87Rb) ¼ 0.01402 Ga1 (Begemann et al., 2001) and
initial 87Sr/86Sr¼ 0.710379 0.000036. Further omitting
the Ol(r) sample, the remaining seven samples yield
a better fit for 170  9 Ma and initial
87Sr/86Sr ¼ 0.710389  0.000029 (Isoplot regression,
MSWD ¼ 4.6) or 170  3 Ma and initial
87Sr/86Sr ¼ 0.710389  0.000010 (Williamson regres-
sion). The Ol(r) sample has the lowest Sr concentration
and may have been susceptible to terrestrial contamina-
tions and Rb losses. This RbeSr isochron age is identical
to its SmeNd isochron age, clearly indicating that
Y984028 crystallized 170 Ma ago. The RbeSr isotopic
system of Y984028 is slightly disturbed and is not as
robust as the respective SmeNd isotopic system.
Y984028 has almost an identical RbeSr age asY-793605
(T¼ 172 13Ma;Morikawaet al., 2001).BothY984028
and Y-793605 are probably contemporaneous with
Y000097 (T ¼ 157  28 Ma; Misawa et al., 2008).
The RbeSr isochron age of Y984028 agrees both
with ages ranging 147e187 Ma for other lherzolitic
shergottites and ages ranging 161e207 Ma for
enriched basaltic shergottites (e.g., Nyquist et al.,
2001). Its initial 87Sr/86Sr-ratio also is consistent with
Y984028 being a member of the lherzolitic shergottite
group.
In order to investigate the RbeSr isotopic rela-
tionships among the three Yamato lherzolitic shergot-
tites, Y984028, Y000097 and Y-793605, we plot all
bulk rock and mineral separate data for these rocks in
a single RbeSr isochron diagram (Fig. 6). The data
plotted all were determined at JSC and include ten data
from Y984028 (this study), eight data from Y000097
(Misawa et al., 2008) and 4 data from Y-793605
(Misawa et al., 2008). Most of the twelve Y000097 and
Y-793605 samples lie on or near the 170 Ma Y984028
isochron within w13-unit in 87Sr/86Sr, except for the
plagioclase sample of Y000097 (Y00 Plag(r)) and the
acid leachate of the bulk rock sample of Y-793605
(Y79 WR(l)). The Y00 Plag(r) has unusually high-Sr
concentration (346 ppm) probably due to the intro-
duction of the high-Sr concentration from metasomatic
Table 2
The RbeSr analytical results for lherzolitic shergottite Y984028.
Samplea wt. (mg) Rb (ppm) Sr (ppm) 87Rb/86Srb 87Sr/86Srb,c
<100 mesh
WR 35.1 0.892 14.4 0.1789  25 0.710808  16
WR(r) 45.1 0.865 15.0 0.1666  26 0.710770  11
WR(l) 5.5 0.617 15.4 0.1157  14 0.710433  50
100e200 mesh
Plag(r) 16.2 2.86 123 0.06721  63 0.710557  10
Plag þ Px(r) 18.1 2.60 54.4 0.1382  17 0.710705  24
Px1(r) 35.2 0.499 4.21 0.3429  40 0.711229  10
Px2(r) 43.8 0.353 1.60 0.6369  71 0.711878  37
Ol(r) 38.1 0.194 0.939 0.5980  64 0.711922  28
MM(r) 27.9 0.488 3.36 0.4194  52 0.711375  31
Leach 20.15 0.417 10.9 0.1109  11 0.710464  10
NBS 987 Sr standard: Srþ (10 analyses 4e5/09): 0.710256  7b
0.710256  21d
a WR¼ bulk rock, Ol¼ olivine, Plag¼ plagioclase, Px¼ pyroxene, MM¼most magnetic, Leach¼ combined mineral leaches, r¼ acid-washed
residue, l ¼ acid leachate.
b Mean ratio for n runs; uncertainties correspond to last figures and represent2sm error limits. sm¼ [S(Ri Rm)2/(n(n 1))]1/2 where Ri¼ run
ratio (mean ratio for 16 blocks of 16 ratios per block); Rm ¼ mean ratio for n runs; and n ¼ number of runs.
c Normalized to 88Sr/86Sr ¼ 8.37521 and adjusted to 87Sr/86Sr ¼ 0.710250 of the NBS 987 Sr standard (Nyquist et al., 1994).
d Uncertainties correspond to last figures and represent 2sp error limits. sp ¼ n1/2sm.
521C.-Y. Shih et al. / Polar Science 4 (2011) 515e529fluids or alteration products produced during the mas-
kelynization event (Misawa et al., 2008). The young
RbeSr age of 147  28 Ma is heavily weighted by the
low Rb/Sr datum sample Plag(r). In principle, it couldFig. 5. RbeSr mineral isochron for lherzolitic shergottite Y984028.
Seven data (red circles with yellow dots), excluding the olivine sample
(Ol(r)) and two leachates (WR(l) and Leach), were fitted by the Isoplot
linear regression program (Ludwig, 2008). The line corresponds to
a RbeSr age of 170  9 Ma for l(87Rb) ¼ 0.01402 Ga1 (Begemann
et al., 2001). The initial 87Sr/86Sr-ratio is 0.710389  29. The inset
shows deviations of 87Sr/86Sr in 3-units for all seven samples relative
to the 170 Ma isochron. Dotted lines on either side of the isochron
correspond to 9 Ma (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
article.).represent an impact event that was almost contempo-
raneous with or occurred shortly after the rock crys-
tallized at w170 Ma ago. No impact breccias have
been observed in Y000097 to support thisFig. 6. RbeSr isotopic data for bulk rock andmineral samples of three
Yamato lherzolitic shergottites, Y984028 (red circles), Y000097
(yellow diamonds) and Y-793605 (green triangles). All these samples
were determined at JSC including six Y000097 and three Ye793605
data reported by Misawa et al. (2008). The line represents the 170 Ma
Y984028 RbeSr isochron. Most of the twelve Y000097 and Y-793605
samples lie on the 170 Ma isochron within error limits, except the
plagioclase sample of Y000097 (Y00 Plag(r)) and the acid leachates
ofbulk rock samples of Y-793605 (Y79 WR(l)) (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.).
Fig. 7. Rb and Sr distributions for bulk rock and mineral samples
from Y984028. The major mineral components of the rock are
olivine (46.4 vol%), pyroxene (47.9 vol%), and plagioclase (mas-
kelynite) (4.7 vol%) (Hu et al., 2009). In our analyses these
components are best represented by Ol(r), Px1(r), and Plag(r),
respectively. A fourth component is enriched in the mixed sample,
Plag þ Px(r). The inset shows Rb and Sr distributions for bulk rock
and mineral samples determined in RbeSr isochron studies of three
Yamato lherzolitic shergottites, Y984028 (yellow field with red
circles, this study), Y000097 (blue field with triangles, Misawa et al.,
2008) and Y-793605 (green field with squares, Morikawa et al.,
2001). The plagioclase sample, Plag(r), from Y000097 (Misawa
et al., 2008) has the highest Sr reported for martian plagioclase
samples ande3x the Sr abundances for plagioclase in Y984028 and Y-
793605 (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).
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ted in Y000027/47/97 (Mikouchi and Kurihara, 2008).
On the contrary, the SmeNd isotopic system of the
paired sample Y984028 is well-behaved, and so is its
RbeSr isotopic system to a lesser degree. A small
amount of a regolith breccia has been reported in
Y984028 (Riches et al., 2009). Because no effects of
brecciation are noticeable on the RbeSr and SmeNd
isotopic systems of Y984028, such brecciated regolith
materials probably were local and similar in age to the
main mass of Y984028. Probably the Plag(r) sample of
Y000097 reflects local heterogeneity in the effects of
impact brecciation of these rocks, possibly via local
impact melting of maskelynite. Excluding three
leachates, Ol(r) from Y984028, and Plag(r) from
Y000097, the remaining seventeen samples define
a RbeSr age of 177  9 Ma (Isoplot or Williamson
regression, MSWD ¼ 9.4) and initial
87Sr/86Sr ¼ 0.710371  0.000027. The comparatively
high MSWD value suggests that the RbeSr isotopic
data for most samples may have been slightly affected
by the same or similar events as caused the deviation of
Plag(r) from Y000097 and Ol(r) from Y984028 to
deviate from the common isochron.
Fig. 7 shows Rb and Sr concentrations measured for
the ten bulk rock and mineral samples of Y984028. The
maskelynite sample, Plag(r), has the highest Rb and Sr
abundances. The Y984028 Ol(r) and Px2(r) samples
have the lowest Rb and Sr abundances reported among
lherzolitic shergottites. In terms of Rb and Sr distribu-
tions in Y984028, the rock is composed of four main
components, Plag(r), Ol(r), Px2(r) and a fourth compo-
nent enriched in the mixed sample, Plag þ Px(r). Areas
defined by the Rb and Sr distributions for the subsamples
of Y984028 (this study), Y000097 (Misawa et al., 2008)
and Y-793605 (Morikawa et al., 2001) are shown in the
inset of the figure. The maskelynite sample, Plag(r),
from Y000097 has the highest Sr abundance (346 ppm,
Misawa et al., 2008) ever reported among maskelynite
samples in shergottites. No such high-Sr maskelynite
has been found in either Y984028 or Y-793605. The
Y984028 Plag(r) sample contains 123 ppm of Sr, which
is identical to that of Y-793605 total Plag sample
(Morikawa et al., 2001) and is only w1/3 of the Sr
abundance in the maskelynite sample reported in
Y000097, emphasizing the unusual nature of the
Y000097 Plag(r) sample. Unfortunately, because of the
limited size of the Y000097 specimen, the analysis of
maskelynite from it has not been repeated. Rb and Sr
distributions in minerals of the three Yamato lherzolitic
shergottites suggest Y984028 is more closely related to
Y-793605 than Y000097.4. Discussion
4.1. RbeSr and SmeNd isochrons for Y984028:
Further evidence against an old (w4.1 Ga) age for
Shergottites
Crystallization ages of the basaltic and the lherzolitic
shergottites have come under great debate lately. Most of
these shergottites (e.g., Shergotty, Zagami, Los Angeles,
EETA 79001, RBT 04262, LAR 06319, LEW 88615,
ALHA 77005, Y000097, Y984028 etc.) yield concordant
RbeSr and SmeNd mineral isochron ages of
170e180Ma (e.g., Nyquist et al., 2001; Borg et al., 2002;
Misawa et al., 2008; Shih et al., 2009a). Also, the UePb
ages of baddelyelite crystals in Zagami and NWA 3171
are also consistent with the young age (Herd et al., 2010).
However, it has been argued that 207Pbe206Pb ages
determined by Zagami, Shergotty and Los Angeles
maskelynites provide support for an old crystallization
age ofw4.1 Ga (e.g., Bouvier et al., 2008). These authors
argue that because plagioclases contain abundant Pb and
weathering-resistant Pb isotopic compositions that the
523C.-Y. Shih et al. / Polar Science 4 (2011) 515e529207Pbe206Pb ages are robust. In contrast, they argue that
youngw180Ma ages determined by other chronometers
were heavily influenced by later shock-impact events and/
or by interactions with secondary REE-rich phosphates
formed from fluids percolating through the crust (e.g.,
Bouvier et al., 2008).
The old (w4.1 Ga) age for shergottites was recently
further challenged by Nyquist et al. (2009) in their
finding of identical young RbeSr, SmeNd and
39Are40Ar ages for shergottite NWA 1460/480. In
addition to the concordancy of ages obtained by three
independent methods, those authors presented argu-
ments that each of the young ages was individually
robust. The RbeSr and SmeNd ages rely on the known
partitioning behavior of trace elements among major
mineral phases. There was no evidence of excess
radiogenic 40Ar* in the high-temperature Ar releases
that released 41e98% of the 39Ar produced from K in
plagioclase by neutron irradiation. It was possible to
successfully correct for 40Ar present in the lower
temperature releases by reducing the data in an isochron
plot. The arguments for a young crystallization age for
NWA 1460 based on the RbeSr and SmeNd data are
applicable to Y984028. Additional supports for inter-
preting the young ages of shergottites as crystallization
ages are worth reemphasizing. (1) Petrographically,
shergottites are generally medium- to coarse-grained
igneous rocks containing abundant cumulus pyroxenes
similar to typical terrestrial basaltic or diabasic rocks.
However, they have been moderately shocked (e.g.,
w30e35 GPa for the basaltic suite andw45 GPa for the
lherzolitic suite) so that plagioclases were completely
transformed to maskelynites but pyroxenes and olivines
underwent only shear fractures and strong mosaicism.
Some shergottites also contain small amount of melt-
pockets andmelt-veins. However, the chemistry of these
minerals remained mostly intact despite their apparent
physical damage by shockmetamorphism. In fact, Jones
(1986) used the observation of major element zonings in
olivines as primary evidence against resetting RbeSr
and SmeNd isochrons by such shock events. Further-
more, recent TEM and SEM-CL results of baddeleyites
in NWA 3171 showed that their crystal structures were
not affected by shock pressures of 30e35 GPa, and thus
the young UePb age determined by baddeleyites
represent the primary igneous age of the rock (Herd
et al., 2010). (2) Shergottites are not likely crystalline
impact melt rocks because pyroxene/olivine cumulate
textures commonly associated with them (e.g., Zagami,
Shergotty (cf., Stolper and McSween, 1979) and lher-
zolitic shergottites (cf., Mikouchi and Kurihara, 2008))
were not observed in the Apollo 16 impact melt rocks,which generally exhibited fine-grained subophitic
textures (e.g., Reimold et al., 1985). (3) REE-rich
phosphates are very soluble in dilute acids (Dreibus
et al., 1996). Most of the bulk rock and mineral sepa-
rates used in RbeSr and SmeNd isochronswerewashed
with HCl to remove the potential phosphate contami-
nants (see Figs. 3 and 5). Actually, theNd abundance and
147Sm/144Nd ratios for our acid-washed plagioclase and
pyroxene separates are comparable to those data
obtained for individual mineral grains of lherzolitic
shergottite LEW 88516 by the ion microprobe method
(Harvey et al., 1993). For example, we obtained
Nd ¼ 0.0352, 0.179 and 0.108 ppm and
147Sm/144Nd ¼ 0.453, 0.568 and 0.251, for Px2(r), Px1
(r) and Plag(r), respectively (see Table 1) as compared to
Nd¼ 0.009e0.133, 0.22e0.61, and 0.073 0.023 ppm
and 147Sm/144Nd ¼ 0.58  0.06, 0.51  0.04 and
0.18 0.11 for low-Ca Px, high-Ca Px and maskelynite
grains, respectively (Harvey et al., 1993). (4) Further, in
the SmeNd isotopic study of the eucrite Ibitira,
Prinzhofer et al. (1992) showed evidence that pyroxenes
were apparently more robust and less likely to be
disturbed in the SmeNd isotopic system relative to
plagioclases. Assuming the Y984028 pyroxenes to be as
resistant to disturbances as pyroxenes in Ibitira, we
calculated initial 87Sr/86Sr- and 143Nd/144Nd-ratios for
Y984028 from the pyroxene mineral separates at the
presumed old age of 4.1 Ga and found the values to be
unreasonably low, 0.674e0.691 for 87Sr/86Sr and 0.497
(or 179 3) e 0.500 (or 120 3) for 143Nd/144Nd, as
compared to the initial 87Sr/86Sr-ratio of 0.698972 for
the angrite LEW86010 and its chondritic initial
143Nd/144Nd-ratio of 0.505893 at 4.56Ga (Nyquist et al.,
1994). These results are clearly against an old age of
w4.1 Ga for Y984028.
In addition to the above, detailed thermal modeling
of 39Are40Ar data for the Zagami shergottite plagio-
clase suggested that its ejected mass was impossibly
large (radiusw1 km), if the meteorite wasw4 Ga old
and strongly degassed of its 40Ar during shock-heating
to w70 C when it was ejected from Mars by a mete-
orite impact w3 Ma ago (Bogard and Park, 2008).
In summary, mineral-petrographic evidence, low
shock-heating temperatures, Ar thermal modeling, as
well as RbeSr, SmeNd, AreAr, and baddelyelite UePb
ages are all consistent with the young crystallization ages
for shergottites, but against old ages for them.
4.2. Relationships of lherzolitic Shergottites
Parallelograms showing initial 3Nd-values vs. age for
five lherzolitic shergottites e ALHA 77005 and LEW
524 C.-Y. Shih et al. / Polar Science 4 (2011) 515e52988516 (Borg et al., 2002), Y-793605 (Misawa et al.,
2006), Y-793605 WR and Y000097 (Misawa et al.,
2008) and Y984028 (this study) are plotted in Fig. 8.
All SmeNd age and initial 3Nd-value data were obtained
using the Isoplot program (Ludwig, 2008), except that
for Y-793605WR. It was obtained using theWilliamson
program (Williamson, 1968) because of the small
number of data points. Regressing only a few data points
(w3) by the Isoplot program produces unrealistically
large uncertainties. In Fig. 8, data for three Yamato
lherzolites analyzed in the JSC lab, Y984028, Y-793605
WR, andY000097 either overlap or lie very close to each
other, indicating that these lherzolitic shergottites
probably can be derived from the samemagma flow. The
Y-793605 datum from Misawa et al. (2006) is for anal-
yses done in the laboratory of Kobe University, Japan.
That does not agree with the data for the four Y-793605
WR samples analyzed at JSC may be due to inter-labo-
ratory bias. An adjustment ofwþ0.5 3-units in 3143Nd-
values is recommended for direct comparison of Nd
isotopic data obtained from these two laboratories
(Misawa et al., 2008). The analyses represented by the
parallelograms for ALHA 77005 and LEW 88516 as
reported by Borg et al. (2002) were made in the JSC lab.Fig. 8. Initial 3Nd-value and age parallelograms for lherzolitic sher-
gottites. Data for three Yamato lherzolites analyzed in the JSC lab,
Y984028 (red parallelogram), four Y-793605 WR samples and
Y000097 (yellow parallelograms, Misawa et al., 2008) either overlap
or lie very close to each other, indicating that Y984028 and Y-
793605, and probably Y000097, have come from the same magma
flow. The Y-793605 datum of Misawa et al. (2006), shown in an open
parallelogram, was analyzed in the laboratory of Kobe University,
Japan. That it does not agree with the data for the other Yamato
samples may be due to inter-laboratory bias. The blue parallelograms
are for ALHA 77005 and LEW 88516 as reported by Borg et al.
(2002) for analyses in the JSC lab. ALHA 77005 plots very near
the Yamato lherzolitic shergottites, whereas LEW 88516 does not
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.).ALHA 77005 plots very near the Yamato lherzolitic
shergottites, whereas LEW88516 does not. The SmeNd
isotopic data of these five lherzolitic shergottites suggest
that they could have been derived from as many as three
or four separate magmatic flows, represented by their
different initial 3Nd-valuesw170Ma ago. Alternatively,
these data allow the possibility of only two separate
magmatic flows if the error limits for Y984028 and
ALHA 77005 are slightly underestimated.
As for the SmeNd isotopic systems discussed
above, the initial 87Sr/86Sr-ratio and age parallelograms
for five lherzolitic shergottites e Y-793605 (Morikawa
et al., 2001), ALHA 77005 and LEW 88516 (Borg
et al., 2002), Y000097 (Misawa et al., 2008) and
Y984028 (this study) are shown in Fig. 9. All the
RbeSr age and initial 87Sr/86Sr-ratio data were
obtained by regressions using the Isoplot program
(Ludwig, 2008). Data for three Yamato lherzolites,
Y984028, Y-793605, and Y000097 (obtained from four
acid-washed samples, Misawa et al., 2008) and
Y000097 (Plag(r)) (obtained from seven samples
excluding the Plag(r) datum, Misawa et al., 2008) show
that the error parallelograms for three Yamato lherzo-
lites overlap only if the extremely high-Sr plagioclase
datum of Y000097 (Fig. 7) is excluded because of the
possibility of contamination by related impacts on the
Martian surface. In this case, the Yamato lherzolites
probably came from the same magma flow w170 Ma
ago. The error parallelograms for ALHA 77005 and
LEW 88516 do not plot near those for the Yamato
lherzolitic shergottites. Thus, these two lherzolitic
shergottites must have come from different magma
flows than the Yamato lherzolitic shergottites.
Considering both the RbeSr and the SmeNd data, our
preferred interpretation is that these five lherzolitic
shergottites come from three distinct magmatic flows:
one for the three Yamato lherzolites, and one each for
ALHA 77005 and LEW 88516.
4.3. Relationships with enriched Shergottites
Initial 3Nd-value and age parallelograms for five
lherzolitic shergottites (ALHA 77005, LEW 88516,
Y-793605, Y000097 and Y984028), six enriched
basaltic shergottites (Shergotty, Zagami, Los Angeles,
NWA 856, NWA 2975 and Dho 378), three enriched
olivine-phyric shergottites (NWA 1068, RBT 04262
and LAR 06319) and NWA 1460, a basaltic (or dia-
basic) shergottite with an older age of 346 Ma (Nyquist
et al., 2009) are summarized in Fig. 10. Lherzolitic
shergottites and NWA 1460 have positive initial 3Nd-
values between þ8 and þ12, which correspond to
Fig. 9. Initial 87Sr/86Sr-ratio and age parallelograms for lherzolitic
shergottites. Data for three Yamato lherzolites, Y984028 (red parallel-
ogram), Y-793605 (yellow parallelogram, Morikawa et al., 2001),
Y000097 (open parallelogram for four acid-washed samples, Misawa
et al., 2008) or Y000097(ePlag(r)) (yellow parallelogram for seven
samples excluding the Plag(r) datum,Misawa et al., 2008) overlap or lie
very close to each other, indicating that Y984028 and Y-793605, and
probably Y000097, can be derived from the same magma flow crystal-
lized w170 Ma ago. The blue parallelograms show data for ALHA
77005 and LEW 88516 (Borg et al., 2002). These two lherzolitic sher-
gottites must have come from different magma flows than the Yamato
lherzolites (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).
Fig. 10. Initial 3Nd-value and age parallelograms for lherzolitic
shergottites and enriched basaltic shergottites. Lherzolitic shergot-
tites (red diamonds) and NWA 1460 (red triangle), a basaltic (or
diabasic) shergottite with an older age of 346 Ma (Nyquist et al.,
2009) have positive initial 3Nd-values between þ8 and þ12, which
correspond to depleted LREE source reservoirs of super-chondritic
147Sm/144Nd of 0.211e0.218. Dotted lines represent calculated
147Sm/144Nd source reservoirs for shergottites using a two-stage
model starting from a chondritic reservoir at 4.568 Ga ago. The two-
stage model for the NWA 1460 basaltic (or diabasic) shergottite and
the Y984028 lherzolitic shergottite yields the same source
147Sm/144Nd of 0.217 for these two rocks. They may have derived
from melts of similar source reservoirs at different times. All the
enriched basaltic shergottites (open circles) and three olivine-phyric
shergottites (open squares) have negative initial 3Nd-values of 6.1 to
6.9 corresponding to LREE-enriched sources with 147Sm/144Nd of
0.185e0.186. Although shergottites RBT 04262 and LEW 88516
have very similar petrography and mineralogy (Mikouchi et al.,
2008), and also ages (Shih et al., 2009a), their initial 3Nd-values
are significantly different (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version
of this article.).
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147Sm/144Nd of 0.211e0.218 using a two-stage model
starting from a chondritic reservoir with
147Sm/144Nd ¼ 0.1967 at 4.568 Ga ago. The two-stage
model for the NWA 1460 basaltic (or diabasic) sher-
gottite and the Y984028 lherzolitic shergottite yields
the same source 147Sm/144Nd of 0.217 for these two
rocks. They may have been derived from melts of
similar source reservoirs at different times, i.e. NWA
1460 crystallized at 346 Ma and Y984028 at 170 Ma.
All six enriched basaltic shergottites and three
olivine-phyric shergottites have negative initial 3Nd-
values of 6.1 to 6.9 corresponding to LREE-
enriched sources with 147Sm/144Nd of 0.185e0.186.
Although basaltic shergottites and lherzolitic shergot-
tites crystallized almost contemporaneously w170 Ma
ago, their source 147Sm/144Nd-ratios calculated based
on a two-stage model differ by w17%. Despite that
shergottites RBT 04262 and LEW 88516 have very
similar petrography and mineralogy (Mikouchi et al.,
2008), and also ages of w170 Ma (Shih et al.,
2009a), their initial 3Nd-values differ considerably by
w17 3-units and thus their magmatic origins are also
different. Thus, RBT 04262 is more closely related
petrogenetically to enriched basaltic shergottites than
to lherzolitic shergottites.Error parallelograms showing the initial 87Sr/86Sr-
ratios and ages for five lherzolitic shergottites (ALHA
77005, LEW 88516, Y-793605, Y000097 and
Y984028), five enriched basaltic shergottites (Sher-
gotty, Zagami CG (coarse-grained portion of Zagami),
Zagami FG (fine-grained portion of Zagami), Los
Angeles, NWA 856), three enriched olivine-phyric
shergottites (NWA 1068, RBT 04262 and LAR 06319)
and NWA 1460 are summarized in Fig. 11. Lherzolitic
shergottites and NWA 1460 have low initial 87Sr/86Sr-
ratios of w0.7105 and w0.709, respectively, corre-
sponding to 87Rb/86Sr source reservoirs of w0.18 and
w0.16, respectively, based on a two-stage model
starting with the CAI 87Sr/86Sr value of 0.698934 at
4.568 Ga ago. The two-stage model suggests the
mantle source reservoirs for the NWA 1460 basaltic
shergottite and the Y984028 lherzolitic shergottite
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difference is only w12%, and the agreement between
two-stage model source 87Rb/86Sr-ratios is the closest
among different shergottite types.
All five enriched basaltic shergottites and three
olivine-phyric shergottites have much higher initial
87Sr/86Sr-ratios of 0.721e0.723 implying mantle sour-
ces of high time-averaged 87Rb/86Sr of 0.35e0.37. Thus,
although, basaltic shergottites and lherzolitic shergot-
tites crystallized almost contemporaneously, their initial
87Sr/86Sr-ratios differ significantly. Correspondingly,
their two-stage model source 87Rb/86Sr-ratios differ by
a factor of two. Again, despite the fact that shergottites
RBT 04262 and LEW 88516 have very similar petrog-
raphy and mineralogy (Mikouchi et al., 2008) and both
have ages ofw170 Ma (Shih et al., 2009a), the differ-
ence in their respective initial 87Sr/86Sr-ratios ofw1.4%
is so significant that they could not have come from theFig. 11. Initial 87Sr/86Sr-ratio and age parallelograms for lherzolitic
shergottites and enriched basaltic shergottites. Lherzolitic shergot-
tites (red diamonds) and NWA 1460 (red triangle), a basaltic sher-
gottite with an older age of 346 Ma (Nyquist et al., 2009) have low
initial 87Sr/86Sr-ratios of w0.7105 and w0.709, respectively, corre-
sponding to 87Rb/86Sr source reservoirs of w0.18 and w0.16,
respectively. Dotted lines represent calculated 87Rb/86Sr source
reservoirs for shergottites using a two-stage model starting with the
CAI 87Sr/86Sr value 0.698934 at 4.568 Ga ago. The model suggests
the source reservoirs for the NWA 1460 basaltic shergottite and the
Y984028 lherzolitic shergottite were slightly different in 87Rb/86Sr.
All the enriched basaltic shergottites (open circles) and three olivine-
phyric shergottites (open squares) have much higher initial 87Sr/86Sr-
ratios of 0.721e0.723 corresponding to sources of 87Rb/86Sr of
0.35e0.37. Shergottites RBT 04262 and LEW 88516 have very
similar petrography, mineralogy (Mikouchi et al., 2008) and ages
(Shih et al., 2009a), but the differences in their initial 87Sr/86Sr-ratios
are significant (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.).same mantle source unless RBT 04262 assimilated
“crustal” material of very high Rb/Sr ratio whereas
“ordinary” lherzolites did not.
4.4. Petrogenesis of Y984028
Lherzolitic shergottites (e.g., ALHA77005 etc.) are
generally considered as Martian meteorites of
pyroxene-olivine cumulate origin (e.g., McSween
et al., 1979) that crystallized from mafic magmas in
plutonic environments. In this regard, the petrogenetic
model proposed for Y000097 by Mikouchi and
Kurihara (2008) also is relevant to the discussion of
trace element abundances in lherzolites such as
Y984028. We demonstrate here that the Rb, Sr, Sm and
Nd distributions in Y984028 can be reproduced
reasonably well using a model involving accumulation
of pyroxenes plus olivines together with some trapped
magma. The parental magma for Y984028 probably
was similar in composition to NWA 1460. As dis-
cussed above, both were produced from mantle sources
of the same 147Sm/144Nd ¼ 0.217 (Fig. 10) and similar
87Rb/86Sr w0.16e0.18, but at different times. These
characteristics probably apply more generally to
moderately differentiated, “average” Martian mantle
materials. Furthermore, the olivines in Y984028 are
Fo713 (Misawa et al., 2009), and a melt in equilibrium
with such olivines would have an mg-value of
0.45  0.03, similar to that of NWA 1460 (w0.48). A
simple model calculation involving the addition of
30% pyroxenes of the composition of Px1(r) and 45%
olivines of the composition of Ol(r) in 25% parent
magma of the composition of the NWA 1460 basaltic
shergottite is presented in Fig. 12. The resultant rock
consisting of the (pyroxene þ olivine) cumulate with
25% trapped parental magma matches Y984028 well
in all the four trace elements Rb. Sr, Nd, and Sm.
These elements represent more generally, the lithophile
alkali, alkaline earth, and rare earth elements. The
mode of the modeled rock is 45% olivine, 48%
pyroxene and 6% plagioclase which is comparable to
that of Y984028 (e.g., 46.4% olivine, 47.9% pyroxene
and 4.7% plagioclase (Hu et al., 2009) and 45%
olivine, 47% pyroxene and 5% plagioclase
(T. Mikouchi pers. comm., 2009)). The parental
magma to Y984028 did not have exactly the same
composition as NWA 1460, because the latter does not
contain olivine. However, the trace element features of
the Y984028 parental magma probably were NWA
1460-like, consistent with the interpretation that the
mantle sources for both rock types were fairly typical
of the Martian mantle.
Fig. 12. A simple pyroxene plus olivine accumulation model for the
genesis of the Y984028 lherzolitic shergottite. The CI-normalized
Rb, Sr, Sm, and Nd distribution of Y984028 (red circles) can be
modeled by the addition of 30% pyroxenes of the composition of Px1
(r) (green diamonds) and 45% olivines of the composition of Ol(r)
(green triangles) in 25% parent magma of the composition of NWA
1460 basaltic shergottite (blue squares). The resultant rock (yellow
hexagons) consisting of the pyroxene þ olivine cumulate with 25%
trapped parental magma matches Y984028 well in all these four
elements (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).
527C.-Y. Shih et al. / Polar Science 4 (2011) 515e529The present study further supports the close petro-
genetic association between shergottite NWA 480/1460
and lherzolitic shergottites proposed by Barrat et al.
(2002), Gillet et al. (2005) and Nyquist et al. (2009)
on the basis of their similar REE distributions and
their source Sm/Nd ratios.
5. Conclusions
Lherzolitic shergottites provide a good opportunity to
understand the magmatic processes that produced such
rocks from the parental melts derived from Martian
mantle sources. Several conclusions from this study of the
RbeSr and SmeNd ages and initial Sr- and Nd-isotopic
compositions of Y984028 are summarized below:
1. Rb, Sr, Sm and Nd abundances of Y984028 are
similar to those of other lherzolitic shergottites and
differ from those of enriched basaltic shergottites,
either the Shergotty-type, or several olivine-phyric
shergottites like NWA 1068, RBT 04262 and LAR
06319. Thus, these trace element abundances in
Y984028 are consistent with its petrographic
classification as a lherzolitic shergottite by Kojima
(2008) and Misawa et al. (2009).
2. One bulk rock and eight acid-washed bulk rock and
mineral samples of Y984028 yield a well-definedSmeNd isochron age of 170  10 Ma and an
initial 3Nd ¼ þ11.6  0.2. The SmeNd isotopic
system of Y984028 is not disturbed.
3. The same nine samples of Y984028, excluding two
leachates of the bulk rock and minerals, yield an
identical isochron age of 170  9 Ma for the
RbeSr system, and an initial 87Sr/86Sr-
ratio ¼ 0.710389  0.000029. However, the data
suggest that even in the Antarctic environment, the
RbeSr isotopic system of Y984028 can be slightly
disturbed.
4. Both the SmeNd and RbeSr isochrons of
Y984028 consist of data from four mineral
components and their ages are concordant. There-
fore, Y984028 crystallized 170  7 Ma ago like
most other lherzolitic shergottites.
5. The possible presence of a minor breccia compo-
nent in Y984028 described by Riches et al. (2009)
did not seem to affect the RbeSr and SmeNd
isotopic systems in our sample suggesting that the
brecciated materials are locally derived and prob-
ably of similar petrologic type and age as the main
mass of Y984028.
6. Y984028 has a similar age and Sr and Nd isotopic
signatures as other Yamato lherzolitic shergottites,
including Y-793605 and probably Y000097. The
age and isotopic signatures of these rocks are
consistent with derivation from the same magmatic
flow as suggested by Mikouchi et al. (2009) from
their similar petrographic features.
7. The ages and Sr and Nd isotopic variations suggest
that the lherzolitic shergottites crystallized from at
least three parental magmas. Using a two-stage
evolutionmodel, themantle sources of these parental
magmas are implied to have super-chondritic
147Sm/144Nd-ratios of w0.217 and sub-chondritic
87Rb/86Sr-ratios ofw0.18. These ratios are similar to
those found for basaltic (or diabasic) shergottite
NWA 1460 (Nyquist et al., 2009), and probably are
fairly typical of “average” Martian mantle materials.
8. The Rb, Sr, Sm and Nd distributions in Y984028
can be modeled by the accumulation of w30%
pyroxenes and w45% olivines accompanied by
w25% trapped NWA 1460-like parental magma at
w170 Ma ago. Although NWA 1460 lacks olivine,
and therefore is unlikely to be an exact match for
the parental magma of the lherzolites, the success
of the model for these four alkali, alkaline earth,
and rare earth elements suggests that mantle melts
with the trace element features of NWA 1460 are
probably fairly common products of melting in the
Martian mantle.
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